Cardiovascular disease is the leading cause of morbidity and mortality in the Western world owing to the limited regenerative capacity of the mammalian cardiovascular system. In lieu of new muscle synthesis, the human heart replaces necrotic tissue with deposition of a noncontractile scar. By contrast, the adult zebrafish is endowed with a remarkable regenerative capacity, capable of de novo cardiomyocyte (CM) creation and scar tissue removal when challenged with an acute injury. In these studies, we examined the contributions of the dynamically regulated microRNA miR-101a during adult zebrafish heart regeneration. We demonstrate that miR-101a expression is rapidly depleted within 3 days postamputation (dpa) but is highly upregulated by 7-14 dpa, before returning to uninjured levels at the completion of the regenerative process. Employing heat-inducible transgenic strains and antisense oligonucleotides, we demonstrate that decreases in miR-101a levels at the onset of cardiac injury enhanced CM proliferation. Interestingly, prolonged suppression of miR-101a activity stimulates new muscle synthesis but with defects in scar tissue clearance. Upregulation of miR-101a expression between 7 and 14 dpa is essential to stimulate removal of the scar. Through a series of studies, we identified the proto-oncogene fosab (cfos) as a potent miR-101a target gene, stimulator of CM proliferation, and inhibitor of scar tissue removal. Importantly, combinatorial depletion of fosab and miR-101a activity rescued defects in scar tissue clearance mediated by miR-101a inhibition alone. In summation, our studies indicate that the precise temporal modulation of the miR-101a/fosab genetic axis is crucial for coordinating CM proliferation and scar tissue removal during zebrafish heart regeneration.
INTRODUCTION
Heart disease is the leading cause of death worldwide owing in part to the inability to replenish lost cardiomyocytes (CMs) (Odden et al., 2011) . Although recent studies have shown that mammals renew CMs throughout their life, there is little de novo synthesis of heart muscle following acute injury such as myocardial infarction (Bergmann et al., 2009; Haubner et al., 2012; Naqvi et al., 2014; Porrello et al., 2011b) . Instead, the adult mammalian heart heals with formation of noncontractile collagen-laden scar tissue, leaving the heart with decreased contractility and impaired cardiac output.
Adult zebrafish, however, robustly and faithfully regenerate new heart muscle, remove collagen scars and restore lost heart function when challenged with surgical resection of the ventricular apex, genetic ablation of ∼60% of CMs or cryoinjury (Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Poss et al., 2002; Schnabel et al., 2011; Wang et al., 2011) . Regeneration of fully functional zebrafish heart muscle and the reconstruction of a contiguous myocardial wall occur through proliferation of spared CMs within the injury border (Jopling et al., 2010; Kikuchi et al., 2010) . However, when CM proliferation is disabled via mutation of the gene mps1 (ttkZebrafish Information Network) or transgenic and pharmacological blockade of developmental pathways, regeneration is blocked resulting in the formation of a permanent fibrotic scar (Chablais and Jazwinska, 2012; Fang et al., 2013; Huang et al., 2013; Kikuchi et al., 2011; Lepilina et al., 2006; Poss et al., 2002; Zhao et al., 2014) . Thus, injury-stimulated CM proliferation and scar tissue clearance are crucial cellular processes for natural heart regeneration.
Proliferation of resident CMs and the removal of scar tissue are accompanied by modulation of developmental genetic programs, suggesting potential regulatory roles by microRNAs (miRNAs). miRNAs are short, noncoding RNAs that control gene expression post-transcriptionally through complementary base-pairing with the 3′-untranslated region (UTR) of target mRNAs thereby inhibiting protein translation (Ha and Kim, 2014) . Given the capacity to control hundreds of target genes, miRNAs have been extensively studied as central gene expression regulators in development, disease and cancer (Bernstein et al., 2003; Giraldez et al., 2005; Hatfield et al., 2005; Kloosterman and Plasterk, 2006; Kohlhapp et al., 2015; Lee et al., 1993; Reinhart et al., 2000; Zhao et al., 2005) . More recently, with respect to tissue regeneration, we and others have demonstrated that a small subset of differentially regulated miRNAs are required for cellular proliferation of dedifferentiated CMs in adult zebrafish and mouse hearts (Aguirre et al., 2014; Porrello et al., 2013; Yin et al., 2012) . It remains vital to define the contributions of other conserved miRNAs in the context of both injury-induced CM proliferation and scar tissue removal. miR-101a is among a suite of highly conserved miRNAs with documented roles in cellular proliferation in the context of cancer, degenerative diseases and, more recently, in myocardial infarction injury to the adult mammalian heart (Carvalho et al., 2012; Pan et al., 2012; Varambally et al., 2008; Wang et al., 2010) . Injuryinduced decreases in miR-101a expression stimulated cardiac fibrosis through enhanced fibroblast proliferation but showed no effects on CM proliferation (Pan et al., 2012) . However, studies addressing the potential roles for miR-101a in a highly regenerative biological system such as the adult zebrafish have not been explored. In this heart regeneration study, we identified miR-101a from microarray profiling studies as the most highly repressed miRNA at 6 h post-ventricular amputation (hpa).
Here, we employ inducible transgenic tools and antisense lockednucleic acid (LNA) oligonucleotides to modulate miR-101a activity in vivo in order to elucidate its contributions during adult heart regeneration. We demonstrate that miR-101a regulates both CM proliferation and scar tissue removal by temporal control of the proto-oncogene fosab (cfos). Injury induced-depletion of miR-101a expression levels stimulated CM proliferation. However, prompt upregulation of miR-101a between 7 and 14 dpa is essential to attenuate the scarring process. Intriguingly, sustained suppression of miR-101a for the duration of the regenerative period culminated in new muscle formation but was accompanied with defects in scar tissue clearance. This study documents the dual roles of the miR101a/fosab circuit in coordinating scar tissue removal, CM proliferation and new cardiac muscle synthesis. To the best of our knowledge, this is the first demonstration that dynamic expression of a single genetic factor pilots two fundamental cellular heart regenerative programs. RESULTS miRNAs are modulated at the onset of adult heart injury To identify potential miRNAs that play a crucial role in the early phases of regeneration, we performed microarray profiling studies, comparing relative RNA expression levels between uninjured and 6 h post-amputation (hpa) ventricles, in biological and technical triplicate. These studies revealed a subset of 17 miRNAs that are either dynamically upregulated or downregulated by at least 1.5-fold with a Student's t-test P-value <0.05 (Fig. 1A) . Of this subset, nine miRNAs were highly downregulated and eight miRNAs were upregulated with injury, including the previously studied dre-miR133a (Yin et al., 2008; Yin et al., 2012) . To validate the expression changes revealed by the microarray hybridization studies, we performed real-time quantitative PCR (qPCR) using cDNA synthesized from the same collection of total RNA. Consistent with the microarray studies, qPCR studies of the mature miRNA species showed that miR-101a, miR-19b, miR-29a, miR-214, miR-222, miR-203b and miR-738 display similar changes in expression levels at 6 hpa compared with uninjured ventricles (Fig. 1B) . Within the subset of 17 differentially expressed miRNAs, miR-101a was the most robustly depleted miRNA, raising the possibility that it might normally function as a genetic brake to regeneration, and hence was selected for further functional studies.
To understand better the potential roles for miR-101a during the regenerative response, we investigated its temporal expression profile from the onset of ventricular resection until 30 days postamputation (dpa) (Fig. 1C) . Our qPCR studies show that miR-101a expression is profoundly diminished in response to cardiac injury, as early as 6 h post-amputation (hpa), and steadily declines to its lowest levels at 3 dpa. This drop in miR-101a expression correlates with phases of CM dedifferentiation and proliferation (Jopling et al., 2010; Kikuchi et al., 2010; Poss et al., 2002) . Interestingly, miR101a expression levels significantly increase 1.5-fold by 7-14 dpa before returning to uninjured levels at 30 dpa (Fig. 1C ). This boost in miR-101a expression levels approximately midway through the regenerative response coincides with active scar tissue removal and continued CM proliferation during zebrafish heart regeneration (Chablais et al., 2011; Gonzalez-Rosa et al., 2011) . Thus, ventricular resection triggers a rapid and dynamic bi-phasic modulation in miR101a expression during natural adult zebrafish heart regeneration. Fig. 1 . miRNAs are dynamically regulated in response to heart resection injury. Total RNA was extracted from uninjured and 6 h postamputation (hpa) ventricles. cDNAs were synthesized from small RNAs and hybridized onto microarray chips in triplicate, to detect changes in miRNA expression. (A) Heat-map of the microarray data shows dynamic upregulation and downregulation of miRNAs in response to cardiac injury (green indicates lower expression; red indicates increased expression). (B) Real-time qRT-PCR validation of a subset of the most highly differentially expressed miRNAs from uninjured and 6 hpa wild-type hearts. miRNA levels were normalized to U6 and represented as fold-change relative to expression levels in uninjured hearts. (C) Time course of miR-101a expression levels during heart regeneration. qPCR studies reveal that relative to uninjured hearts (red dashed line) miR-101a expression (blue line) is at its lowest levels at 3 days post-amputation (dpa), increases to 1.5-fold at 14 dpa and is restored to pre-injury levels by 30 dpa. *P<0.05, **P<0.001 (Student's t-test); error bars represent s.e.m.
Depletion of miR-101a promotes CM proliferation
To examine the contributions of miR-101a function in adult tissues, we established inducible transgenic strains under the regulation of the heat-inducible hsp70 promoter to modulate miR-101a activity in vivo. Tg(hs:miR-101a-sp) drives expression of the EGFP cDNA followed by a triplet of perfect binding sites for miR-101a. Upon heat-treatment, the EGFP-miR-101a mRNA binds to and sequesters mature miR-101a RNA. This miR-101a:EGFP-miR-101a association results in ∼80% reduction in miR-101a levels in Tg(hs:miR-101a-sp) hearts, compared with uninjured control hearts (Fig. 2) . To elevate miR-101a expression levels experimentally, we employed the hsp70 promoter to drive a 350-nt miR-101a genomic fragment and established a zebrafish heritable strain termed Tg(hs: miR-101a-pre). A single heat-treatment of Tg(hs:miR-101a-pre) stimulates a 1.2-to 1.5-fold increase in mature miR-101a levels that persists for ∼24 h after the completion of heat-treatment (Fig. S2) . Importantly, long-term daily heat treatment did not have a significant effect on animal survival (Fig. S2C) .
To assess the functional consequences of miR-101a on heart regeneration, we first examined CM proliferation indices under conditions of experimental manipulation of miR-101a at various stages of heart regeneration. Wild-type control, transgenic Tg(hs: miR-101a-sp) and Tg(hs:miR-101a-pre) hearts were injured and animals were subjected to daily heat treatment at 38°C for 1 h. Using antibodies directed against Mef2, a nuclear indicator of CM, and Pcna, a marker of cellular proliferation, we quantified the number of double-labeled cells as a percentage of all CMs within a defined region of each heart ( Fig. 2A,C) . In Tg(hs:miR-101a-sp) strains, CM proliferation indices were elevated from 3% to 6.5% at 3 dpa, representing a 217% enhancement in comparison with heat-treated control hearts (Fig. 2E) . This elevated rate of CM proliferation in Tg(hs:miR-101a-sp) hearts returned to indices comparable to heattreated control hearts by 14 dpa (Fig. S1 ). By contrast, overexpression of miR-101a with heat-activation of our Tg(hs: miR-101a-pre) strain inhibited heart regeneration, reducing CM proliferation by 47%, from 4.1% to 2.2% at 3 dpa, relative to control hearts (Fig. S3A) . Suppressed regeneration was not a result of increased programmed cell death. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analysis of control, Tg(hs:miR-101a-sp) and Tg(hs:miR-101a-pre) hearts following heat treatment did not reveal significant differences in apoptotic cells (Fig. S4) .
Although our inducible transgenic miR-101a strains were designed to modulate miR-101a function throughout the entire heart, we noted that changes in CM proliferation were regionalized to the injured apex of the ventricle. Analysis of the lateral wall (remote zone) did not reveal a significant difference between heattreated control and Tg(hs:miR-101a-sp) hearts (Fig. 2B,D,E) . Furthermore, this miR-101a-mediated increase in CM proliferation indices was not observed in the absence of heat treatment or injury (Fig. 2E) . Collectively, we demonstrate, with inducible transgenic strategies, that injury-induced reduction of miR-101a activity promotes CM proliferation in the regenerating zebrafish heart.
Sustained depletion of miR-101a leads to defects in scar tissue removal
Given that CM proliferation indices were enhanced with greater miR-101a depletion, we reasoned that long-term, sustained reduction of miR-101a activity might also influence other regenerative processes, including scar tissue removal. Therefore, we injured wild-type and Tg(hs:miR-101a-sp) hearts and subjected them to daily heat treatment at 38°C to maintain suppression of miR-101a levels in Tg(hs:miR-101a-sp) animals up to 30 dpa. This heat-treatment protocol was sufficient to suppress miR-101a expression and did not induce lethality in either control or Tg(hs: miR-101a-sp) animals (Fig. S2C ). Hearts were collected, cryosectioned and stained with Acid Fuchsin Orange G (AFOG) dyes to assess collagen and fibrin deposition as indicators of scar tissue. In heat-treated control animals, scar tissue was prominent at 7 dpa but was visibly reduced by 14 dpa. By 30 dpa, the majority of the scar tissue was cleared and new heart muscle had penetrated the injured apex. Unexpectedly, Tg(hs:miR-101a-sp) hearts revealed greater fibrin and collagen staining in 14 and 30 dpa samples, compared with control hearts (Fig. 3) . Interestingly, 30 dpa Tg(hs: miR-101a-sp) hearts that exhibited greater scar tissue also showed new heart muscle formation in the injured apex, consistent with the observation of increased CM proliferation indices noted at earlier time points (compare Fig. 3E and 3F ). Heat-activation of the Tg(hs: miR-101a-pre) miR-101a overexpression strain, however, did not hasten scar tissue removal (Fig. S3 ).
To quantify scarring differences between control and Tg(hs:miR101a-sp) hearts, we determined scarring indices by representing total collagen and fibrin deposition as a percentage of the total injury area at 7, 14 and 30 dpa (Fig. 3G) . In control animals, scarring indices decreased from 47% at 7 dpa to ∼4% at 30 dpa. The 7-14 dpa interval of regeneration showed the largest decrease in collagen and fibrin deposition, a 36% drop in the scarring index (47% to 11%). In Tg(hs:miR-101a-sp) hearts, however, scar tissue indices showed only a minimal decrease from 41% at 7 dpa, 38% at 14 dpa and 28% at 30 dpa. These Tg(hs:miR-101a-sp) scarring indices at 14 and 30 dpa were significantly different from the heattreated control (P<0.001) (Fig. 3G ). Quantification of injury area for each group revealed no significant differences, indicating that defects in scar tissue removal mediated by loss of miR-101a activity were not due to a larger injury size (Fig. 3H ). To determine whether miR-101a regulated scar collagen composition, we performed Sirius Red staining and imaged under polarized light microscope in order to differentiate between collagen types III and I. Qualitative analysis indicates that the scar tissue in Tg(hs:miR-101a-sp) hearts is composed primarily of thick collagens (collagen type I), similar to control hearts (Fig. S5) . Thus, sustained suppression of miR-101a leads to impaired scar tissue removal without altering collagen composition in the context of enhanced CM proliferation.
Our Tg(hs:miR-101a-sp) strain revealed an unexpected dynamic role for miR-101a in controlling CM proliferation and scar tissue removal. To rule out any potential interactions from long-term heat treatment and miR-101a suppression, we employed antisense locked nucleic acid (LNA) technology as an alternative strategy to specifically knockdown miR-101a activity. Previous studies with LNA reagents directed against the entire mature miRNA sequence have been shown to bind the target sequence with high affinity and specificity (Jepsen et al., 2004; Kumar et al., 1998; Vester and Wengel, 2004) . A single nucleotide change is sufficient to abolish complementary binding with the target sequence (Kumar et al., 1998) . Based on previous work in the adult mouse (Elmen et al., 2008) , we optimized an intraperitoneal (IP) microinjection paradigm that includes daily IP injections of anti-miR-101a oligonucleotides at 10 µg/g for three consecutive days (Fig. S6A) . Ventricular resection was performed on day 2.
Treatment with anti-miR-101a oligonucleotides reduced miR101a expression by ∼55% compared with either vehicle or scrambled LNA-miR-101a administration, as revealed by real-time qPCR studies (Fig. S6B) . Importantly, anti-miR-101a mediated suppression of miR-101a activity elevated CM proliferation from 3.8% in vehicle treatment to 7.9% in anti-miR-101a treated hearts, a 208% stimulatory effect, comparable to effects observed in Tg(hs: miR-101a-sp) hearts (P<0.001) (Fig. S6B) . A comparison between vehicle and scrambled LNA-miR-101a did not reveal significant differences in CM proliferation indices (Fig. S6C ). For studies beyond 7 dpa, we performed additional weekly anti-miR-101a injections as needed. Similar to our observations with Tg(hs:miR- Fig. 3 . Sustained suppression of miR-101a leads to increased scar tissue. (A-F) Wild-type and Tg(hs:miR101a-sp) hearts were resectioned, heat treated daily and collected at 7, 14 and 30 dpa for histology. Hearts were sectioned at 10 µm and stained with Acid Fucshin Orange G (AFOG) to detect muscle (brown), collagen (blue) and fibrin (red). Arrowheads in F mark newly regenerated muscle; dashed lines indicate approximate resection injury plane. The penetrance of each phenotype is indicated (number showing the illustrated phenotype/total number of samples). (G) Scarring indices were established by quantifying the percentage of collagen and fibrin within the total injury area at the indicated time points using CellProfiler. Prolonged depletion of miR-101a led to greater scar tissue at 14 and 30 dpa compared with control. (H) Injury size was comparable between the groups as shown by quantification of total injury area. n=5-14; *P<0.001 (Student's t-test); error bars represent s.e.m. 101a-sp) strains, sustained suppression of miR-101a with anti-miR101a culminated in defects in scar tissue clearance. Vehicle treatment demonstrated a reduction of scar tissue from 20% at 14 dpa to 4.8% by 30 dpa, a decrease of 15.2% (P<0.001). By contrast, there were no significant differences in scarring indices in anti-miR-101a-treated hearts at 14 and 30 dpa (Fig. S6D) . Scarring indices at 14 dpa and 30 dpa in anti-miR-101a-treated hearts, however, was significantly different compared with vehicle-treated hearts (P<0.001). In summary, we show with two independent strategies, heat-inducible Tg(hs:miR-101a-sp) and LNA anti-miR, that miR-101a regulates both CM proliferation and scar tissue removal.
Restoration of miR-101a expression by 7-14 dpa is crucial for scar tissue removal Heart injury triggers a rapid drop in miR-101a expression. However, by 14 dpa, miR-101a expression levels are 1.5-fold greater compared with uninjured ventricles (Fig. 1C) . Prolonged experimental suppression of miR-101a activity for 30 dpa inhibited scar tissue resolution (Fig. 3) . Given these observations, we hypothesized that the timing of increased miR-101a expression is crucial for scar tissue removal. To identify this critical window, wild-type control and Tg(hs:miR-101a-sp) hearts were resectioned, subjected to defined intervals of heat-treatment and collected for AFOG analysis at 30 dpa (Fig. 4) . Quantification of scar tissue in Tg(hs:miR-101a-sp) hearts, showed that neither loss of miR-101a expression between 0 and 7 dpa, when CM proliferation is enhanced, nor between 14 and 30 dpa, revealed significant differences in scarring indices by 30 dpa compared with control hearts (Fig. 4J) . Loss of miR-101a activity between 7 and 30 dpa, however, showed greater scarring indices in Tg(hs:miR-101a-sp) hearts (18.5%) compared with control (2.4%) (Fig. 4J) . These results indicate three important findings. (1) Enhancing CM proliferation with experimental suppression of miR-101a expression from the onset of injury to 7 dpa did not impact overall scar tissue removal by 30 dpa. Therefore, the consequences of reducing miR-101a expression on CM proliferation and scar tissue removal are likely to be independent of each other. (2) Suppression of miR-101a levels after 14 dpa, a time when miR-101a levels have already increased and scar tissue removal has been initiated, did not interfere with scar clearance. (3) An increase in miR-101a expression levels between 7 and 14 dpa, however, is crucial for scar tissue removal.
Sustained miR-101a depletion promotes new muscle synthesis while retaining scar tissue These studies show that depletion of miR-101a activity revealed a unique dual role in cardiac regeneration by stimulating CM proliferation and inhibiting scar tissue removal. AFOG studies suggest that Tg(hs:miR-101a-sp) hearts regenerate new muscle despite maintaining greater scar tissue (Fig. 3) . To confirm this observation, we used antibodies directed against Tropomyosin, a muscle-specific marker expressed in differentiated cardiac sarcomeres. Consistent with normal heart regeneration, wild-type control hearts showed minimal scar tissue and strong Tropomyosin staining within the injured apex, occupying 36% of the total injury site, at the conclusion of a 30-day heat-treatment protocol. In comparison, Tg(hs:miR-101a-sp) hearts displayed ∼28% Tropomyosin in the resected apex but with far greater scar tissue [42% in Tg(hs:miR-101a-sp) and 5.5% in control] (Fig. 5) . Both control and Tg(hs:miR-101a-sp) hearts showed formation of a contiguous myocardium wall. These findings indicate that increased fibrosis is observed even in the context of myocardial wall regeneration. In comparison, we performed similar studies on Tg(hs:miR-133a1-pre) hearts, a strain that induces overexpression of miR-133a in CMs in response to heat treatment (Yin et al., 2012) . As previously indicated, sustained overexpression of miR133a resulted in increased scarring at 30 dpa (Fig. 5C,G) (Yin et al., 2012) . However, unlike Tg(hs:miR-101a-sp) hearts, Tg(hs: miR-133a1-pre) hearts showed minimal new muscle formation, as indicated by a significant reduction of Tropomyosin expression to 10.5% within the entire injury site of Tg(hs:miR-133a1-pre) hearts, or approximately one-third of the amount observed in heat-treated control hearts (Fig. 5F,H) . Quantification of the total injury area showed no significant differences among the three groups (Fig. 5I) . In summation, these results show that depletion of miR-101a at the onset of heart injury promotes CM proliferation, thereby stimulating new myocardium regeneration, whereas prolonged suppression of miR-101a impairs scar tissue clearance. Our data reveal two distinct roles for miR-101a during the process of heart regeneration.
fosab expression is regulated by miR-101a during heart regeneration miRNAs regulate gene expression by binding to target mRNA through complementary base pairing in the 3′-UTR and inhibiting protein translation (Kim, 2005) . In previous studies of cardiac miRNAs, it was demonstrated that expression of target genes is often inversely correlated with miRNA levels (Hodgkinson et al., 2015; Liu et al., 2008; van Rooij et al., 2006 van Rooij et al., , 2007 . Therefore, we used real-time qPCR to profile expression of candidate heart regeneration markers and previously documented miR-101a target genes (Fig. S7, Table S3 ). Although a subset of known miR-101a target genes was upregulated at 3 dpa, coincident with the downregulation of miR-101a, only FBJ murine osteosarcoma viral oncogene homolog Ab (fosab), the zebrafish ortholog of mammalian Fos, was also downregulated at 14 dpa, a time point of miR-101a upregulation during the regeneration process (Fig. 6A) . The combination of an inverse expression relationship with miR101a, a predicted binding site for miR-101a in the 3′-UTR and previous studies in mammalian cardiac fibrosis suggested fosab as a candidate miR-101a target gene (Pan et al., 2012) . Confirming this hypothesis, qPCR studies demonstrate that both anti-miR-101a and Tg(hs:miR-101a-sp)-mediated knockdown of miR-101a activity induced increased levels of fosab (Fig. S8) , and Tg(hs:miR-101a- (A-F) Control, Tg(hs:miR-101a-sp) and Tg(hs:miR-133a1-pre) hearts were resectioned, heat treated daily for 30 dpa and extracted for histology. Hearts were cryosectioned at 10 µm and stained with either AFOG (A-C) or antibodies directed against Tropomyosin (D-F). Compared with heat-treated control animals, Tg(hs:miR101a-sp) hearts reveal more scar tissue and less new muscle regeneration in the wounded apex. Tg(hs:miR-133a1-pre) hearts, which overexpress miR-133a1, show defects in both new muscle regeneration and scar tissue removal. Brackets represent approximate injury area; arrowheads in F mark gaps in myocardium and the lack of muscle regeneration. (G-I) Quantification of scarring indices, Tropomyosin expression and injury area were performed with CellProfiler. n=6-7; *P<0.05 (Student's t-test); error bars represent s.e.m. pre)-directed overexpression of miR-101a reduced fosab mRNA levels (Fig. S3B) . Confirming the inverse relationship between miR-101a and fosab expression, Fosab protein expression was elevated in miR-101a-suppressed Tg(hs:miR-101a-sp) hearts at 3 and 14 dpa compared with control hearts (Fig. 6B) .
To reveal miR-101a and fosab spatial expression patterns, we performed double RNA in situ hybridization studies with RNAscope technology (www.acdbio.com). These studies showed that miR-101a expression was localized to CMs in uninjured hearts but expression was strongly reduced by 3 dpa (compare blue signal in Fig. 6D and 6E) . We detected only a limited number of miR101a-expressing cells at 3 dpa (Fig. 6E′) . Conversely, fosab expression was absent in uninjured heart samples but was strongly upregulated in CMs at the injury border zone and in non-muscle cells within the wound environment by 3 dpa (Fig. 6E ,E′, red signal). Immunofluorescence studies to determine Fosab spatial expression pattern confirmed these findings (Fig. 6H) .
To demonstrate that miR-101a directly regulates fosab activity in vivo, we performed EGFP-fosab-3′-UTR sensor binding studies in the zebrafish embryo as previously described (Giraldez et al., 2005; Yin et al., 2012) . mRNAs corresponding to EGFP-fosab-3′-UTR and mcherry-SV40 were transcribed in vitro and injected in the presence or absence of miR-101a RNA duplex into one-cell-stage embryos (Fig. 6G ). EGFP and RFP fluorescence was quantified 48 h post-fertilization. Microinjections with EGFP-fosab-3′-UTR sensor alone produced strong EGFP expression, corresponding to fosab expression, that was repressed by 31% when embryos were coinjected with a miR-101a RNA duplex (P<0.05). This interaction was abolished, however, when three point mutations were introduced in the fosab-3′-UTR sequence predicted to bind with miR-101a ( Fig. 6H; Fig. S6B,C) . Collectively, these expression and binding studies identify fosab as a direct miR-101a target gene during adult zebrafish heart regeneration.
Restoring fosab activity rescues cardiac phenotypes mediated by experimental depletion of miR-101a expression
To determine whether the effects on CM proliferation and scarring seen with loss of miR-101a are due to the upregulation of fosab, we designed an antisense oligonucleotide to the ATG translation initiation site of fosab mRNA in order to attenuate its activity. This Graph shows quantification of western blots using ImageJ software and normalized to β-actin. (C-E′) RNA in situ hybridization studies to detect miR-101a (blue) and fosab (red) in uninjured and 3 dpa regenerating hearts. miR-101a expression is restricted to CMs in uninjured hearts, whereas fosab expression is enriched in CMs at the border zone and non-muscle cells of the wound environment at 3 dpa. (F-H′) Antibody staining to detect Fosab protein expression confirms RNA in situ hybridization expression patterns. E′ and H′ are magnified images of boxed areas in E and H; arrowheads mark miR-101a (E′) and Fosab (H′) expression in CMs; brackets in H′ indicate Fosab in the microenvironment. (I,J) mRNA EGFP-fosab-3′-UTR sensor assays reveal ∼30% decrease in fosab expression when the sensor is co-injected with miR-101a RNA duplex, relative to EGFP-fosab-3′-UTR sensor injection alone. This miR-101a regulation of fosab is abolished in response to a three-nucleotide mutation of the predicted miR-101a binding site ( fosab m sensor). n=6-8 embryos per treatment; *P<0.05, **P<0.001 (Student's t-test); NS, not significant; error bars represent s.e.m.
vivo morpholino (MO) is covalently linked to an octa-guanidine dendrimer delivery moiety to enhance cellular uptake into adult tissues. Daily IP microinjection of this fosab vivo MO into adult zebrafish (12.5 µg/g) following heart resection ( Fig. 7A,B ) was sufficient to lower Fosab protein levels in anti-miR-101a-treated hearts compared with vehicle treatment at 3 and 14 dpa (Fig. 7C) . Whereas anti-miR-101a treatment increased Fosab levels by 3.5-fold compared with vehicle treatment at 3 dpa, co-administration with fosab MO reduced Fosab levels to 0.24 arbitrary units (AU), similar to control expression of 0.18 AU (Fig. 7C) . Similarly, cotreatment with anti-miR-101a and fosab MO at 14 dpa reduced Fosab levels by 3.9-fold compared with anti-miR-101a treatment alone (Fig. 7C ).
Having determined a protocol to attenuate Fosab activity, we asked whether reduction of Fosab activity would perturb the effects on CM proliferation observed at 3 dpa in response to depletion of miR-101a. We injected anti-miR101a with and without fosab MO and assessed CM proliferation (Fig. 7A) . Our results show that the reduction of fosab expression to wild-type levels in anti-miR-101a, fosab MO-treated wild-type animals restored CM proliferation indices to similar levels to those observed in vehicle-treated hearts. Administration of fosab MO alone suppressed CM proliferation indices by 55% relative to vehicle treatment (4.5% to 2.5%) (Fig. 7D) . These results show that fosab is a potent regulator of CM proliferation and identify the early downregulation of miR-101a in response to injury as a likely mechanism of action for the enhancement of heart regeneration.
To address the long-term consequences of fosab MO treatment on cardiac scarring, we injured wild-type animals and introduced antimiR-101a with and without fosab vivo MO beginning at 7 dpa (Fig. 7B ). This experimental protocol was sufficient to maintain a similar level of Fosab repression, as noted by 3 dpa, and did not induce animal mortality (data not shown). AFOG staining of hearts collected from vehicle, anti-miR-101a and anti-miR-101a, fosab MO treatments revealed that sustained depletion of miR-101a from 7 to 30 dpa led to increased scarring at 30 dpa. Knockdown of fosab by the addition of fosab MO, however, improved scar tissue clearance, reducing scarring indices from 19% in anti-miR-101a-injected hearts to 6% in co-injected samples. This scarring index was not statistically significantly different relative to the 2.6% scarring index observed in vehicle treatment (Fig. 7E) . The 13% reduction in scar tissue in anti-miR-101a, fosab MO hearts, relative to anti-miR-101a treated hearts, demonstrates that fosab is an integral miR-101a target gene for scar tissue removal. Collectively, Fig. 7 . Knockdown of fosab activity rescues defects mediated by miR-101a depletion. (A,B) Experimental design for fosab vivo MO and combinatorial injections with anti-miR-101a antisense oligonucleotides. (C) Wild-type animals were injured and treated with vehicle, anti-miR-101a oligonucleotides or anti-miR101a and fosab vivo MO for three days. Hearts were extracted and western blot hybridizations were performed to detect changes to Fosab protein. Fosab levels increase with anti-miR-101a treatment, but expression was restored to near control levels when anti-miR-101a and fosab vivo MO were co-injected. (D) Combinatorial knockdown of fosab and miR-101a activity is sufficient to rescue elevated CM proliferation indices mediated by miR-101a suppression alone. Treatment of wild-type animals with fosab vivo MO alone significantly reduced CM proliferation indices at 3 dpa compared with vehicle treatment. (E) Quantification of scar tissue was assessed at 30 dpa after vehicle, anti-miR-101a, or anti-miR-101a and fosab-vivo-MO treatment. Suppression of fosab expression between 7 and 30 dpa is sufficient to significantly decrease the scarring effect seen with suppression of miR-101a between 7 and 30 dpa. n=6-8; *P<0.05, **P<0.001 (Student's t-test); NS, not significant; error bars represent s.e.m. these studies reveal that tight temporal control of the miR-101a/ fosab genetic circuit is crucial for heart regeneration.
DISCUSSION
The zebrafish exhibits a remarkable capacity to regenerate missing and damaged heart muscle and fully restore lost cardiac function throughout its life (Kikuchi, 2014) . This injury-stimulated de novo creation of heart muscle is executed through a mechanism of dedifferentiation and proliferation of spared CMs and is restricted to the site of injury (Jopling et al., 2010; Kikuchi et al., 2010 ). Yet, despite the importance for reactivation of quiescent CMs in the context of disease and acute injury, the regulatory circuits that underscore this biology remain underexplored. Although developmental growth factor signaling pathways involving Wingless/Wnts, fibroblast growth factors (FGFs), retinoic acid (RA), platelet-derived growth factor (PDGF) and Notch (Chablais and Jazwinska, 2012; Gupta et al., 2013; Huang et al., 2013; Jopling et al., 2012; Kikuchi et al., 2011; Kim et al., 2010; Lepilina et al., 2006; Zhao et al., 2014) have been the subject of intense studies, only recently have miRNAs emerged as candidate factors for reactivation of quiescent CMs (Aguirre et al., 2014; Yin et al., 2012) . Previous studies in adult mice showed that increased expression of hsa-miR-590-3p and hsa-miR-199a-3p in response to myocardial infarction prompted CMs to re-enter the cell cycle and proliferate (Eulalio et al., 2012) . Conversely, miRNAs also have important roles as genetic brakes to cellular proliferation. Profiling studies in the neonatal mouse demonstrated that exit from a regeneration competency window following birth is accompanied by upregulation of numerous miRNAs, including the let-7 and miR-15 family (Porrello et al., 2011a (Porrello et al., , 2013 .
Here, we defined the function of miR-101a, a miRNA with a biphasic expression pattern in response to ventricular resection in adult zebrafish. Employing inducible transgenic strains and LNA antisense oligonucleotides to perturb miR-101a activity, we demonstrate that miR-101a controls both CM proliferation and scar tissue removal. Our dataset suggests a model whereby injury triggers downregulation of miR-101a expression to near undetectable levels by 3 dpa. This depletion is essential for stimulation of CM proliferation, in part, through the depression of the miR-101a target gene fosab. Whereas the early decrease in miR101a stimulates CM proliferative activity, its subsequent upregulation by 7-14 dpa is required for removal of scar tissue (Fig. 8) . When miR-101a levels are experimentally maintained at low levels, heart regeneration is completed with new muscle synthesis but with intact scar tissue. This defect in scar removal is partially ameliorated by reducing fosab activity. The genetic circuitry of miR-101a and fosab has been implicated in various types of cancers. In a recent study by Liu et al. (2014) , a regulatory feedback loop between miR-101a and AP-1, in which fosab is a key factor of AP-1, was discovered in the context of hepatocellular carcinoma (Liu et al., 2014) . We have shown, for the first time, the crucial contributions of fosab under the regulation of miR-101a in promoting CM proliferation and scar tissue removal during adult zebrafish heart regeneration.
In our previous work, we showed that miR-133a1, a miRNA expressed in CMs, functions as a cell-autonomous inhibitor of cell proliferation. Whereas injury triggered the decline of miR-133a1 expression, transgenic overexpression of miR-133a1 shifted the injury response towards fibrosis (Yin et al., 2012) . Similarly, miR101a is rapidly depleted at the onset on injury. In fact, within 6 hpa, we noted a 40% drop in expression (Fig. 1C) . However, unlike miR133a1, miR-101a is highly upregulated between 7 and 14 dpa. This dynamic fluctuation in expression prior to the completion of the regenerative process suggested that miR-101a has multiple roles in the healing response. Indeed, our studies revealed that this elevated miR-101a expression by 7-14 dpa is key to halting the scarring response. In the absence of this increase in miR-101a, the heart retained significantly larger scars by 30 dpa, a time when control animals displayed minimal fibrosis (Fig. 4) . Interestingly, this defect in scar tissue removal proceeded with new muscle formation (Fig. 5 ). This suggests that by altering the timing of miR-101a activity, we were able to uncouple CM proliferation from scar tissue removal. This dual role for miR-101a is, therefore, a function of its dynamic expression change, a feature that is absent from injured mouse hearts.
miRNA effects on biology are consequences of both tissue specificity and target gene regulation. Although our studies showed that expression of numerous candidate target genes are inversely expressed with miR-101a at 3 dpa, only fosab exhibited dynamic complementary expression pattern at both 3 and 14 dpa. Through a series of studies, we show that miR-101a binds to and regulates fosab expression and combinatorial reduction of fosab and miR101a was sufficient to rescue both the proliferative and scarring response (Figs 6, 7) . Our in situ hybridization studies revealed that miR-101a expression was enriched in CMs in uninjured hearts but expression was repressed by 3 dpa (Fig. 6D,E) . Concomitant with decreases in miR-101a expression, fosab mRNA and protein were elevated in CMs at the injury border as well as non-muscle cells within the wound environment, suggesting at least a cellautonomous mechanism regulating CM proliferation (Fig. 6E,G) . The impact of miR-101a regulation on fosab during CM proliferation is a new finding that appears to be unique to a highly regenerative system like the adult zebrafish. These stimulatory effects on CMs were not observed in miR-101a studies in the injured mouse heart (Pan et al., 2012) . However, our studies do not exclude the possibility that fosab activity in the injury microenvironment could exert non-cell-autonomous effects on CM proliferation.
The importance of the injury niche has become increasingly clear in several contexts. Studies of tissue repair and regeneration in both the heart and skeletal muscle have demonstrated that non-muscle cells and immune cells play pivotal roles in inducing proliferative activity. For instance, numerous studies have shown a proregenerative capacity of the epicardium and the endocardium in response to injury Wang et al., 2015) . Moreover, it is becoming increasing clear that cytokine release from inflammatory cells is a crucial modulator of regeneration. Fig. 8 . Temporal modulation of miR-101a/fosab genetic circuit controls heart regeneration. In response to injury, miR-101a levels are reduced, enabling fosab expression to increase. This enhanced fosab expression promotes CM proliferation. However, between 7 and 14 dpa, miR-101a levels are significantly elevated, leading to repression of fosab activity. This decline in Fosab protein attenuates scar tissue deposition. miR-101a regulation of fosab during these defined regeneration intervals is crucial for normal heart regeneration.
Modulation of macrophages attenuates regeneration in salamander limb, zebrafish appendage and neonatal heart regeneration (Aurora et al., 2014; Godwin et al., 2013; Petrie et al., 2014) . Previous work on miR-101a in the mammalian heart suggests that fosab is enriched in cardiac fibroblasts and not CMs (Pan et al., 2012) . It is intriguing to speculate that differences in the repair response between the zebrafish and mouse heart might be due to crosstalk between nonmuscle cells and CMs and/or specific induction of key regulatory factors in spared CMs at the injury border.
The natural decline in miR-101a expression in response to mammalian heart injury promotes fibroblast proliferation and scarring without significantly affecting CM proliferation. Mammalian miR-101a levels do not display the natural sharp increase seen in our zebrafish heart studies (Fig. 1C) . Interestingly, experimental elevation of miR-101a in the mouse heart strongly reduced scar tissue deposition in the injured heart (Pan et al., 2012) . This finding is in agreement with our results demonstrating that upregulation of miR-101a by 7-14 dpa is instrumental to initiate scar tissue removal. Future studies focused on decoding the transcriptional circuits that promote miR-101a upregulation within this window will provide valuable insight into how removal of fibrosis is managed in a highly regenerative system, and will undoubtedly reveal potential ways of attenuating the cardiac fibrotic response.
CM proliferation and scar tissue removal are the yin and yang of heart muscle repair and regeneration. Understanding how these fundamental repair processes are controlled at the molecular level is essential for therapeutic interventions to restore lost heart function.
In this study, we demonstrated, for the first time, that the miR-101a/ fosab circuit is a key linchpin in the process of heart regeneration.
MATERIALS AND METHODS

Zebrafish husbandry and heart injury
Zebrafish were maintained at 27°C on a 14 h light/10 h dark cycle in accordance with Institutional Animal Care and Use Committee protocols at the MDI Biological Laboratory. Adult 3-to 6-month-old zebrafish of the Ekkwill (EK) strain were used for all experiments. Transgenic strains were age matched with wild-type siblings. Apical ventricular resection surgeries were performed as previously described (Poss et al., 2002) .
Gene expression studies
Total RNA was extracted from ventricles using Tri-Reagent (Sigma) in accordance to the manufacturer's protocol. For real-time qPCR studies, cDNA was synthesized with either the qScript microRNA cDNA Synthesis Kit (Quantabio) or the ProtoScript II First Strand cDNA Synthesis Kit (NEB). Primer sequences for cDNAs are shown in Table S1 . qRT-PCR was performed using Brilliant III SYBR Green (Agilent) in a Roche Light cycler 480. Normalization and data analysis were performed as previously described (Yin et al., 2008) . For triplicate microarray hybridizations, at least six ventricles per replicate were used. Small RNA labeling and hybridizations were performed and analyzed by LC Sciences to detect expression levels of miRNAs, as previously described (Yin et al., 2012) . Microarray data are available at GEO under accession number GSE74494.
Histological methods
Zebrafish hearts were extracted and fixed in 4% paraformaldehyde, embedded in TBS tissue freezing medium (Fisher) and sectioned at 10 µm with a Leica CM1860 cryostat. Immunofluorescence, in situ hybridization and Acid Fuchsin Orange G (AFOG) staining were performed as previously described (Poss et al., 2002; Yin et al., 2012) . We used the following primary antibodies: mouse anti-Fosab (Santa Cruz Biotechnology #SC-166940; 1:100), rabbit anti-Mef2 (Santa Cruz Biotechnology #SC-313; 1:75) and mouse anti-PCNA (Sigma #P8825; 1:400). Secondary antibodies used were as follows: Alexa Fluor 488 goat anti-mouse IgG (H+L) (Invitrogen #A11034; 1:200) for Fosab, Alexa Fluor 488 goat anti-rabbit IgG (H+L) for anti-Mef2 and Alexa Fluor594 goat antimouse IgG (H+L) for anti-PCNA (Invitrogen #A11032; 1:200). CM proliferation indices were defined as the total number of Mef2+Pcna+ cells represented as a percentage of the total Mef2+ population. Briefly, Mef2+ Pcna+ and Mef2+ cells were manually counted within a defined region of 230 pixels (y-axis). Three sections containing the largest injury area were quantified for each heart and included at least five hearts per group.
Quantification of scar tissue was performed using CellProfiler software (www.cellProfiler.org) to calculate total fibrin and collagen over total injured area analyzed. To identify the injury site at 14 and 30 dpa, we examined natural autofluorescence in myocardial tissue to demarcate the amputation plane. Although uninjured muscle has strong EGFP autofluorescence, expression in regenerating muscle appears weaker. The intersection between high and low fluorescence was used as the approximate amputation planes.
To detect the spatial distribution of miR-101a and fosab, we employed RNAscope in situ hybridization technology (Advanced Cell Diagnostics). Hearts were fixed with paraformaldehyde for 1 h at room temperature and processed as previously described (Gemberling et al., 2015) . Advanced Cell Diagnostics designed probes for pri-miR-101a (green) and fosab (red). Images were captured at 20× using an Olympus BX53 microscope and Retiga 2000DC camera.
Intraperitoneal microinjections
An antisense locked nucleic acid (LNA) oligonucleotide (Exiqon) (5′-TTATCACAGTACTGT-3′) directed against the mature miR-101a sequence and a scrambled control (Exiqon) were injected into anesthetized animals at 10 μg/g body weight for three consecutive days. Ventricular resection was performed on day 2 of injections. For experiments longer than 1 week, anti-101 LNA oligonucleotides were injected weekly after ventricular resection. Vivo morpholino (5′-GCGTTAAGGCTGGTAAACATCATCC-3′) directed against fosab was injected daily at 12.5 μg/g body weight for the duration of the experiment (Gene Tools).
Immunoblotting
Zebrafish ventricles were harvested in HNTG buffer (20 mM Hepes pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 10% glycerol) and tissues were homogenized using a glass douncer homogenizer. Protein quantification was determined using BCA assay (Thermo Scientific). Samples were reduced in 2× Laemmli's sample buffer and run on an 8% SDS-PAGE gel and transferred onto PVDF membrane. Primary antibodies used were as follows: anti-Fosab (Santa Cruz Biotechnology #SC-166940; 1:100) and β-actin (Cell Signaling #4967; 1:1000). The secondary antibody used was goat anti-mouse-HRP, developed using Super Signal West Dura (Thermo Scientific). Quantification of expression was performed with ImageJ and pixel intensity was represented in arbitrary units.
EGFP sensor studies
To create the EGFP-fosab-3′-UTR cassette for sensor studies, we PCR amplified the 3′-UTR of fosab mRNA and directionally cloned the amplicon downstream of the EGFP cDNA with XbaI (forward primer) and XhoI (reverse primer) restriction sites into the pCS2+ vector (Table S2) . For the mutated fosab-3′-UTR, we synthesized a GeneBlock for the complete sequence and cloned it in the same manner (Integrated DNA Technology). In vitro transcription of EGFP-fosab-3′-UTR and mcherry mRNA were performed with HiScribe High Yield RNA Synthesis Kit (NEB). Microinjection and quantification parameters were performed as previously described (Yin et al., 2012) .
Construction of and heat-activation of transgenic strains
To construct the Tg(hs:miR-101a-sp) strain, a cassette containing EGFP, triplicate perfect miR-101 binding sites and SV40 polyadenylation sequence was directionally cloned (XhoI/XbaI) behind the hsp70 promoter fragment. To engineer the Tg(hs:miR-101a-pre) strains, a ∼300-bp genomic fragment flanking the miR-101 mature sequence was amplified with PCR and subcloned under the control of the hsp70 promoter fragment. Adult wild-type EK, Tg(hs:miR-101a-sp) and Tg(hs:miR-101a-pre) animals were subjected to a single daily heat treatment for up to 30 days post-amputation. Water temperature was elevated from 26°C to 38°C for a duration of 1 h using experimental conditions previously described (Yin et al., 2012) .
Statistical analysis
All statistics were performed using Student's t-test with Welch's correction. P<0.05 was deemed statistically significant.
